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Abstract.-A waveguiding technique intended for photoconductivity measurements in thin films is described. This new method which offers at least one order of magnitude enhancement over conventional photoconductivity technique is used to determine the optical absorption of a a-Si:H film at photon energies down to 0.65 eV. These results, combined with optical and conventional photoconductivity measurements, allow to draw the optical absorption spectrum of the sample between 0.65 and 2.2 eV.
1. Introduction.-In order to gain information about the distribution and the density of states in the forbidden gap of a-Si:H, there has been recently a great deal of interest in determining the optical absorption of this material for photon energies below the energy band gap. Optical transmission spectroscopy (OTS) and conventional photoconductivity (CPC) measurements have been generally used for chis purpose (1,2,3,4).
However, due to the thin-film geometry, both methods suffer limitations which can be summarized as follows : for a film-thickness of the order of 1 pm OTS is limited to absorption coefficients a 3 100 cm 'while CPC allows to measure a down to 1 cm-'(2,s).
Another technique based on the light-guiding properties of a-Si:H films deposited on SiOz substrates has been proposed recently (6) . This method called guided-wave optical spectroscopy (GWOS) which is not limited by the thickness of the film, allows to measure absorption coefficients in the range 0.5-50 cm-l. Another attractive feature offered by the light-guiding properties of a-Si:H is the possibility of studying photoconductivity (PC) with an enhanced sensitivity. The aim of this paper is to describe this new method called waveguiding photoconductivi~y(WPC) and to outline its advantages over CPC. In the case of a particular a-Si:H film, this method is used to perform photocurrent measurements between 1.6 and 0.65 eV. These measurements are combined with results obtained by OTS, GWOS and CPC, and the optical absorption spectrum of the sample is drawn in the range 0.65 to 2.2 eV 2. Waveguiding technique.-2.1 Princi~ie. A usual way of studying thin film photoconductivity consists in illuminating the gap of a coplanar-electrodes structure with a light beam nearly perpendicular to the surface of the sample. In this geometry, the interaction length between the light beam and the material is given by the thickness t of the film ( case a in Fig. 1 ) . An alternative way consists in injecting the light beam in the material through a cross-section of the film in a direction parallel to the surface. In this geometry, the interaction length is no longer limited by the thickness of the film but rather by the length 1 of the electrodes ( case b in Fig.1 ).
he possibility of such a longitudinal propagation s offered by the light-guiding properties of a-Si:H ilms deposited on SiOz substrates that have been escribed elsewhere (7) . For simplicity in comparing he two configurations, we assume that in both geom etries, despite different possible insertion loses, the same available photon flux N ( in pho0ns.s-') is allowed to interact with the structure. further assume that in spite of different incient photon flux densities, the drift mobility pd, he quantum efficiency for photocarrier generation Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981464 C4-306 JOURNAL DE PHYSIQUE 0 , and the response time for photoconductivity -rr are the same in both configurations. Consequently, the photocurrents I , and Ib which, in each case, are proportional to the total number of photons absorbed per second in the structure, can be expressed as :
for conventional geometry, and Ib = CNal (2) for waveguiding geometry where C is a common constant factor.
As we are concerned only with low a, these expressions have been derived assuming that at << a1 << 1. From (1) and (2) we may write Fig. 2 Experimental arrangement.
Ib /Ia = l/t (3) which indicates that for electrodes of 1 mm in length, and a 1 pm-thick film, the photocurrent intensity may be enhanced by a factor lo3 when using WPC. Actually the insertion losses are not the same in the two geometries and must be included in a more rigourous treatment. In the WPC case, the prism coupling technique is used in order to inject the light in the film (Fig. 2 ) . As a consequence, losses firstly come from reflection on the prism entrance face and secondly from the coupling efficiency which may differ markedly from unity. It can be shown that the enhancement factor has to be reduced by a factor ,< 2 if a laser beam is used and 6 100 by using a conventional focused beam (6, 8) . But even in the latter case, a gain of one order of magnitude remains observed, as shown hereafter.
2.2 Example. -A photocurrent spectrum obtained by WPC is shown in Fig.3 . It consists in a succession of photocurrent peaks, each of them corresponding to the excitation of a particular guided mode of the film. Curves a and b in Fig. 4 show the photocurrent intensity spectra of a particular a-Si:H sample, respectively obtained by CPC and WPC. Geometrical parameters given in Fig. 2 have been used. An enhancement factor of the order of 20 is clearly visible on the whole wavelength range. The sensitivity offered by WPC may be used to extend the measurement of the optical absorption to photon energies fairly below the energy gap, cs shown in the following paragraph.
3. Results. -By using OTS, GWOS, CPC and WPC, the optical absorption spectrum was derived in the energy-range 0.65 to 2.2 eV for a typical a-Si:H sample. The layer was deposited by r.f. sputtering onto a SiOn substrate. Details concerning the elaboration have been published elsewhere (9) . The sample which is 1.12 pm thick has the following optical and electrical properties : optical tap = 1.9 eV ; refractive index at ?, = 1.15 pm : n = 3.08 ; dark-resistivity = 3.10' Rcm. In order to perform PC measurements, ohmic contacts were evaporated onto the a-Si:H layer. Geometrical parameters are given in Fig. 2 . The absorption spectrum of the sample is shown in Fig. 5 . Between 1.75 and 2.20 eV, absolute values of the absorption coefficient were obtained by OTS ( stars in Fig. 5 ) . GWOS meascrements were carried out in the range 1.05 to 1.65 eV. The corresponding spectrum ( open circles 2 Fig. 5 ) has been normalized by using waveguidlng technique and WPC (b) speCtra a (1.08 eV) = 2.5 cm-', a value deduced from preliminary sliding-prism measurements. For photon energies in the range 0.65 to 1.8 eV, a was measured by using PC techniques : CPC from 1.8 to 1.15 eV ( dots in Fig. 5 ) and WPC from 1.1 to 0.65 eV ( crosses in Fig. 5 ). In order to extract ci from PC data, we are submitted to the same assumptions widely discussed before (2) i.e. : we suppose that pd, T, and 11 are independant of the photon energy. In paragraph 2.1 it has been assumed for demonstration purposes that the photocurrent is a linear function of the photon flux density F. However it is well known (10) that the photocurrent is rather a sublinear function of F of the type
where 6 is a factor which depends on F ( as in Eq. (1) and (2) it is assumed that at << a1 << 1 ) . Thus, in order to determine a we rather used Eq.(4). For CPC measurements F was kept at a constant value, namely 10" photons.cm-2s-', independent of the photon energy. In the WPC case, F was ranging from 3.10'~ to 1018 photons.cm-2s-'
It has been actually checked that 6 keeps the same value of 0.73 at three different wavelengths (A = 0.8, 1 and 1.15 urn) and above five decades of photon flux density (from 10" to 1019 photons.cm-2s-').
Therefore, assuming that 6 remained the same for X > 1.2 um, the above 6 value was used for both techniques on the whole photon energy range studied. In the case of CPC the constant C in Eq. (4) was found by normalizing the photocurrent in the energy range common with OTS( for which ci was already known (Part. I in Fig. 5 ) ) . Similarly, WPC has been normalized in the energy range common with CPC ( Part. I1 in Fig. 5 ) .
gem_ark : For some WPC measurements carried out at photon energies such as al>,l,Eq. (4) was no longer valid and a special treatment was necessary in order to derive ci.(Unpublished work). 
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which has also been observed in a-Si:H by other authors (2,3) may be attributed to transitions from a distribution of gap-states, close or below the Fermi level, into states in the conduction band close to the conduction level. The higher values of a given by GWOS are due to a scattering contribution in the attenuation of guided waves. By using different guided modes with various spatial confinements, surface scattering rather than bulk scattering has been evidenced ( unpublished work ). After deducing this scattering part from the total measured attenuation, it remains however an intrinsic absorption greater than the one obtained by PC techniques. A possible explanation for such a residual discrepancy may be that PC measurements give an inferior limit of a due to a reduced quantum efficiency at low hv (2) . Finally in region 111, a (hv < 1 eV) almost exponential decrease of a is observed. By fitting the curve with a law of the previous type, a caracteristic energy Eo = 0.07 eV is found. Transitions from gap-states above the Fermi level, whose occupancy is determined by the Fermi function, into states located near the conduction band edge may explain the optical absorption in this spectral range.
In conclusion, WPC can be considered as a potentially useful method to extend optical absorption measurements down to 0.01 cm-' even in the case of film thicknesses as low as 1 pm.
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